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Abstract We have investigated the cross-over from Zener tunneling of single
charge carriers to avalanche type of bunched electron transport in a suspended
graphene Corbino disk in the zeroth Landau level. At low bias, we find a tun-
neling current that follows the gyrotropic Zener tunneling behavior. At larger
bias, we find avalanche type of transport that sets in at a smaller current the
larger the magnetic field is. The low-frequency noise indicates strong bunching
of the electrons in the avalanches. On the basis of the measured low-frequency
switching noise power, we deduce the characteristic switching rates of the
avalanche sequence. The simultaneous microwave shot noise measurement also
reveals intrinsic correlations within the avalanche pulses and indicate decrease
of correlations with increasing bias.
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1 Introduction
Breaking of the quantum Hall state in a 2D electron gas (2-DEG) is an in-
triguing topic as it mixes issues of edge and bulk transport. Several different
models for quantum Hall state breakdown mechanisms have been proposed
and they can be grouped into two main categories: bootstrap electron heating
(BSEH) and quasi-elastic inter-Landau level scattering (QUILLS). There are
experimental results supporting both of these views and no consensus has been
reached yet. While the BSEH is usually associated with the edge states, the
QUILLS mechanism is founded on the temperature dependence of the con-
ductivity σxx in the bulk of the 2DEG. Providently, in the Corbino sample
geometry there are no continuous edge states across the sample, which makes
this geometry particularly suitable for testing theories dependent on the bulk
properties. Therefore Corbino geometry, implemented using an ultimate 2D
material such as monolayer graphene, forms an excellent platform for study-
ing the bias-induced breakup of the quantum Hall state.
The present paper extends the work of Ref. [1] and concentrates on the
cross-over from the gyrotropic Zener tunneling (inter-LL Zener tunneling) to
avalanche type of transport, and finally to nearly ohmic behavior. In our IV
characteristics, the Zener tunneling regime ends in a sharp increase of current
with the bias voltage, which is quite well in line with the expectations from
the BSEH theories. We address this cross over regime using low frequency cur-
rent fluctuations (frequency f ≤ 10 Hz) and shot noise SI experiments (over
microwave band f = 650 − 900 MHz) in order to obtain further information
on the charge transfer processes underlying these phenomena. Our results in-
dicate strong low-frequency noise in the rapidly growing, steep sections of the
IV curves, which we interpret as bunching of electrons in the avalanche gener-
ation of the BSEH regime. This low-frequency noise grows as average current
squared 〈I〉2, which is typical for switching type of noise, as well as for resis-
tance fluctuations with uniform energy spectrum. In our region of interest, the
inevitable contact resistance fluctuations can be neglected, and we analyze the
observed low frequency Lorentzian noise spectrum as a switching process. This
analysis allows us to determine characteristic values for the basic transition
rates in the switching process. At microwave frequencies, on the other hand,
the noise is close to regular shot noise, although we find predominantly levels
below the full Poissonian noise. The amount of shot noise at microwave fre-
quencies is dependent on the correlations among the charge carriers: with full
temporal correlations the zero-frequency shot noise vanishes [2]. Our results
indicate that close to the onset of the avalanche regime there are substantial
correlations between the carriers, whereas approximately Poissonian noise is
reached when the avalanche pulses start to overlap each other.
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1.1 Inter-Landau level Zener tunneling
The zero-energy Landau level (see, e.g. Ref. [3]) in suspended graphene pro-
vides a well-isolated setting for investigations of the breakdown of the quantum
Hall state at magnetic fields B around 1 T and even below. At small B, the en-
ergy scales in this unique quantum Hall state can be kept small, which allows
sensitive quasi-elastic studies of the breakdown at mK temperatures. At higher
temperatures, however, inelastic processes such as phonon-assisted scattering
processes may start to dominate the breakdown. The zero-energy level is four-
fold degenerate with respect to the two values of true electron spin and two
values of pseudospin that describes the distribution of electrons between two
valleys in the graphene Brillouin zone. The degeneracy, however, is lifted by
Coulomb interactions and the original four-fold degenerate zero-energy states
split into two states with a gap between them. According to theoretical con-
siderations [3], the insulator state was expected to be ferromagnetic, although
the experiments of Refs. [4] and [5] did not confirm this. Independently from
the character of the gap, the zero-energy Landau state is an insulator with
the gap ∆ of the order of the characteristic Coulomb energy equal to e2/`B
in graphene. Here  is the dielectric constant, `B =
√
Φ0/2piB is the mag-
netic length, B is the magnetic field, and Φ0 = h/e is the single-electron flux
quantum.
Any insulator can be driven to a conducting state using a high voltage
V > Vcr, where Vcr denotes the threshold for dielectric breakdown. At bias
voltages V  Vcr, the IV curve becomes nearly linear (ohmic regime). At
V  Vcr, on the other hand, the conductance is strongly suppressed and
distinctly nonlinear. At low temperatures, an exponentially small current I
emerges due to Zener tunneling between the two bands [6], creating an electron
in the empty upper band and a hole in the full lower band. [7] Recently, we
demonstrated [1] that the regular equation for the Zener tunneling current
I ∝ e−VZ/V , with VZ ∝ ∆3/2 has to be replaced by a gyrotropic law given by
I ∝ e−(VZ/V )2 , (1)
where VZ =
eBd√
8piΦ0
. The formula follows from the gyrotropic Zener tunnel-
ing theory developed for the zero-energy Landau level of graphene in a strong
magnetic field [1]. This behavior provides evidence that the quantum tunneling
processes here are governed - instead of the particle mass - by the gyrotropic
force on a particle. Such a behavior is similar to the motion of quantized vor-
tices in superfluids, for example in the nucleation of vortices at a plane bound-
ary [8,9], with the Magnus force (analog of the Lorentz force on an electron)
balancing the external force [10]. The Zener tunneling processes in the quan-
tum Hall regime of a 2-DEG are central in the quasi-elastic inter-Landau level
scattering (QUILLS) [11,12] and in the magnetoresistance oscillations in the
ohmic regime [13,14]. The gyrotropic theory, however, is distinct from them in
its implications for the IV-characteristics. In small constrictions QUILLS type
of behavior has been observed at one-micron dimensions [15,16], i.e. at similar
length scales where we observe the gyrotropic behavior in our experiments.
4 Antti Laitinen et al.
In the studies of the quantum Hall state breakdown, the Corbino geometry
has a distinct advantage over the Hall bar geometry, because no edge states
persist and the breakdown is dominated by transport processes in the bulk.
The Corbino geometry has been used for numerous studies of phenomena re-
lated to transitions between Landau levels in 2D electron gases, most notably
in the works of microwave-induced resistance oscillations and zero-resistance
states [17], as well as phonon-induced resistance oscillations [18]. It has also
been employed to investigate standard-type Zener tunneling between differ-
ent Landau levels [19] and the bootstrap electron heating (BSEH) model [20],
which has experimentally been found to be a reasonable route to breakdown of
the quantum Hall effect (QHE) [21,22,23,24]. Recently, the Corbino geometry
has also been employed for measuring current fluctuations in order to investi-
gate the nature of bulk transport phenomena at the onset of the integer QHE
breakup. In their low-frequency current noise experiments on the first Lan-
dau level of a 2-DEG heterostructure, Kobayashi and coworkers [25,26] found
strong bunching of electrons at the onset of the breakdown of the quantum
Hall state, supporting the BSEH view.
1.2 Avalanche type of transport
Avalanche type of current transport can be considered as one type of switching
transport. Such transport is illustrated in Fig. 1a, where the current consists of
a random sequence of two current levels 0 and I0. The average switching rate
upwards is denoted by 1/τ0 while the rate downwards is 1/τs, which means
that the average duration of avalanche pulses is τs. Following e.g. Ref. [27],
one can derive for the avalanche type switching noise spectral density SAVI the
equation:
SAVI (ω) = 4
(τ0τs)
2
(τ0 + τs)3
I20
1
1 + ω2
(
τ0τs
τ0+τs
)2 . (2)
We are interested in the cross-over from Zener tunneling events to avalanche
type of transport. Initially at small currents, the avalanche events are rare
and we can make the approximation τ0  τs. Using this approximation and
recognizing that 〈I〉 =
(
τs
τ0
)
I0, we obtain the spectrum:
SAVI (ω) = 4τ0 〈I〉2
1
1 + ω2τ2s
, (3)
which is illustrated schematically in Fig. 1b. The length of the avalanche pulse
determines the corner frequency ωc ∝ 1/τs in this regime and this possible
variation in spectral density is indicated in Fig. 1b at three values of ωc.
The time trace of Fig. 1 assumes that there is only one scenario for produc-
ing the avalanche sequence of charge carriers. In reality, there might be several
parallel scenarios, which would then lead to a sum of Lorentzian spectra, each
with a different weighting factor. Such a scenario could eventually lead to 1/f
type of noise spectrum.
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Fig. 1 a) Model of low-frequency avalanche current noise derived from a switching sequence
of rectangular current pulses with the nominal height of I0 having asymmetric upward and
downward transition rates 1/τ0 and 1/τs, respectively. This corresponds to pulses with mean
duration τs separated by a waiting time τ0 on average. b) Schematic illustration of Eq. 3
at a few different lengths of the avalanche pulse τs (inverse of transition rate): the chosen
specific transition rates result in a spectrum which is flat at low frequencies and rolls off
linearly on the log-log scale of the illustration.
The above low-frequency model neglects fluctuations within the avalanche
pulse. The current during the avalanche pulse will consist of individual charge
carrier events, the spacing of which may vary in time. These fluctuations lead to
wide-band shot noise which becomes important at frequencies ω  1/τs where
the Lorentzian fluctuator spectrum of Eq. 3 has already decreased below the
shot noise level. The shot noise intrinsic to the avalanche pulse will depend
on the correlations between charge carriers in the pulse: if the pulse is fully
correlated, there is no shot noise 1, while without any correlation there should
be independent carrier emissions with a full Poissonian shot noise like in a
tunnel junction. Hence, the Fano factor for the current during the avalanche
pulse is expected to vary between F = 0− 1. Using the average current 〈I〉 =
I0
τs
τs+τ0
, the shot noise spectral density arising from the current pulses can be
written as:
SAVsh (ω) = F2e〈I〉. (4)
A further possibility would be to have an effective tunneling charge which is
different from one electron. Here we assume this possibility to be included in
to the value of the Fano factor.
2 Experimental techniques
Our measurements down to 10 mK were performed in a BlueFors LD-400 di-
lution refrigerator. The cryostat was equipped with a DC/audio-frequency
measurement circuitry for IV characteristics and low-frequency noise. The
bias leads were connected via microwave bias-T components to the sample,
which facilitated simultaneous microwave noise measurements along a sepa-
rate 50Ω output channel. The low frequency measurement leads were twisted
pair phosphor-bronze wires supplemented by three stage RC filters with a
1 However, there will be a peak in the noise power spectrum at the frequency correspond-
ing to the inverse of the arrival period of the correlated charge carriers.
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nominal cut-off given by R = 150 Ω and C = 10 nF. However, due the high
impedance of the measured quantum Hall devices the actual cutoff is depen-
dent on the resistance of the sample. For magneto-conductance scans, see Fig.
2, we used an AC peak-to-peak current excitation of 0.1 nA at f = 3.333 Hz.
2.1 Samples and their characterization
Resists with different selectivities (lift-off-resist LOR for support and PMMA
for lithography) were employed to facilitate our sample fabrication (see the
supplemental material of Ref. [28]). We exfoliated graphene (Graphenium,
NGS Naturgraphit GmbH) using a heat-assisted technique [29]. Monolayer
graphene flakes were located on the basis of their optical contrast and the
identification was verified using a Raman spectrometer with He-Ne laser (633
nm). The first contact defining the outer rim of the Corbino disk (see Fig.
2a) was made in the regular manner [30], and later the inner contact was
fabricated together with a self-standing bridge to connect the inner electrode
to a bonding pad. The strongly doped silicon Si++ substrate with a 285-
nm layer of thermally grown SiO2 provided the back gating electrode for the
sample.
Initially after the fabrication process, our suspended devices tend to be p-
doped in the first resistance R vs. gate voltage Vg scans. Following the initial
characterization, the samples were cooled down to T = 10 mK base temper-
ature of the dilution refrigerator. Prior to DC and noise characterization, all
devices were current annealed at the base temperature. These samples on LOR
were typically annealed at a bias voltage of 1.6±0.1 V which is comparable
with the optimal annealing voltage of our HF etched, rectangular two-lead
samples [31]. Subsequently, the samples were characterized by lock-in conduc-
tance measurement G(Vg) to determine the mobility which was found to be
µ > 105 cm2/Vs. The gate voltage was converted into charge carrier density
by n = (Vg − V Dg )Cg/e, where V Dg denotes the offset of the Dirac point from
Vg = 0 V, typically these samples had V
D
g ' −2 V. A Landau fan plot, a
conductance map on the n − B plane, is displayed in Fig. 2b for sample C2.
The gate capacitance Cg was obtained by fitting this Landau fan plot to the
calculated locations of the higher Landau levels on the n−B plane.
The results of this paper cover two measured samples, C2 and EV3, with
practically identical results. The inner and outer diameters of the EV3 Corbino
ring were d = 0.8 µm and D = 3.2 µm, respectively. For the sample C2 the
corresponding dimensions were d = 0.9 µm and D = 2.8 µm. The air gap
between the graphene and the substrate surface, i.e. the LOR double layer
thickness, was around 500 nm for both samples. The distance between the
back gate and graphene was compared with the value obtained from the gate
capacitance by using the parallel plate capacitor model, which resulted in a
reasonable agreement.
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Fig. 2 a) Scanning electron micrograph of sample EV3 (on the left side); the scale is
indicated by the white bar. b) A magneto-conductance Landau ”fan plot” recorded on
sample C2 on the plane spanned by charge density n and magnetic field B. The charge
density range corresponds to gate voltages Vg ∈ [-60,60] V. The main filling factors are
indicated in the picture.
2.2 Noise measurements
The correlations in electron dynamics can be quantified using the Fano factor
F = SI/S
P
I for the relative magnitude of current fluctuations [2]. The value
F = 1 corresponds to Poissonian noise SPI , indicating non-correlated electron
motion without any interactions between the electrons. For correlated motion,
for example due to Pauli exclusion principle, the Fano factor becomes F < 1
and ultimately vanishes altogether for fully ballistic transport channels. Super-
poissonian noise, on the other hand, is an indication for bunching of particles
[2], which can be observed e.g. in avalanche diodes [32]. In avalanche type of
transport, charge carriers are grouped together through carrier multiplication.
Such avalanche pulses can be considered at long time scales as a single charge
carrier, which means that the resulting shot noise (assuming random trigger-
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ing of the pulses) can be written as SI = FAV 2e〈I〉, where FAV is related to
the average charge of the pulse Ntote = τsI0 by FAV = 2Ntot according to Eq.
3.
On short time scales, the avalanche pulses do have fluctuations that orig-
inate from the specific excitation processes leading to the carrier multiplica-
tion. It is assumed in BSEH theories that thermal excitation is relevant in the
carrier multiplication processes. These thermal processes are strongly temper-
ature dependent, but they can last on the order of microseconds at the low-
est temperatures (See, e.g. Ref. [33]). Consequently, shot noise experiments
around frequencies of 1 GHz are able to probe possible thermal-relaxation-
induced correlations in the avalanche regime as the temperature due to the
Joule heating of the sample increases with current.
Our low-frequency noise measurements were carried out using voltage bias
up to 100 mV. The current was recorded using a transimpedance amplifier
(Stanford Research SR570, gain 106 V/A) and its fluctuations were measured
using a SRS 785 FFT analyzer. For the low-frequency noise power spectral
density, we employed fast Fourier transform (FFT) with 800 points spanning
the range 125 mHz - 100 Hz, using a total measurement time of 150 s per bias
point. In our experiments, we are limited in the measurement bandwidth by
the RC cut-off, dependent on the resistance of the sample R and the total ca-
pacitance of the lines C ' 30 nF. Hence, in the results section, we characterize
the bias dependence of the low-frequency noise at 10 Hz which is the maximum
frequency not yet appreciably influenced by the RC cut-off frequency.
The high frequency noise was measured over frequencies 650 − 900 MHz.
Our microwave noise techniques follow the basic principles outlined in Refs.
[34,35,36,37]. In this work, we measured the excess shot noise SI(V )− SI(0)
using DC bias alone, while the zero-bias value SI(0) was measured intermit-
tently in the middle of each bias sweep for a drift correction. In order to avoid
external spurious disturbances from mobile phones, the set-up was closed in a
Faraday cage. The noise signal was first amplified by a cryogenic low-noise SiGe
amplifier (Caltech CITLF3, gain 36 dB) with a nominal noise temperature of
Tnoise ≈ 4 K. A circulator was used in both channels to block the amplifier
noise reaching the sample, see Fig. 3. The noise detection channel ends with
two room-temperature amplifiers (Mini-Circuits ZRL-1150LN+, gain 32 dB)
yielding the total gain of 92 dB, including an 8 dB attenuator used to limit
the power to a suitable level. Finally, the signal was mixed down by a 780
MHz local oscillator and digitized using ADL-5380 IQ-mixers and a 125 MS/s
AlazarTech ATS9440 digitizer card. The digitized data was auto- and cross
correlated in real time using a computer in which GPU accelerated data pro-
cessing was utilized. Custom software for the processing was written in CUDA
C.
A microwave switch allowed us to measure either shot noise from the
graphene sample or thermal noise from Z0 = 50 Ω resistors located at the
mixing chamber (10 mK) and at the still plate (800 mK). These resistors
allowed us to calculate the noise temperature of the measurement channels,
and thereby calibrate the shot noise level. The system noise temperature of a
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Fig. 3 Schematic of the measurement setup. The low- and high-frequency circuits are sep-
arated from each other by bias-Tees at low temperatures. The high-frequency side contains
a microwave shot noise measurement hooked up to the contact electrodes of the Corbino
ring, while the low frequency side is employed for DC-biasing as well as for measuring low-
frequency noise from the outer contact. There are separate high frequency coaxial cables with
50 Ω terminators acting as thermal noise sources, which can be coupled to the amplification
chain through a microwave switch. The cooled low-noise amplifiers (LNA, Caltech CITLF3)
and the room temperature µW-amplifiers (2 × Mini-Circuits ZRL-1150LN+) provide a gain
of 100 dB in total.
measurement line amounts to:
TN =
Thot − PhotPcoldTcold
Phot
Pcold
− 1 , (5)
where P and T refer to the thermal noise of a 50 Ω resistor and its physi-
cal temperature, while the labels ”hot/cold” refer to mixing chamber / still
positions in the refrigerator, respectively.
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One can use the system noise temperature TN to estimate the equivalent
shot noise temperature from the excess noise correlation factor C ′12 =
C12√
C21C
2
2
,
where Ci is the autocorrelation of channel i and C12 is the un-normalized cross-
correlation between channels 1 and 2. C ′12 is normalized using auto-correlations
Ci which are dominated by the system noise temperature (2eIZ0  TN ).
Then, the noise temperature corresponding to the excess noise is given by:
Te = C
′
12TN . (6)
Thus, the calibrated current noise spectral density (SI couples fully to Z0 due
to the circulator) is obtained from SI = 4kBTe/Z0, where Z0 = 50 Ω is the
characteristic impedance of the microwave system.
The validity of the calibration was tested by comparing the obtained small-
bias Fano factor F (Vg) at B = 0 T to the theoretically predicted values [38].
We reached an agreement within ±20 %, but this may reflect rather the insuf-
ficiency of the theoretical modelling than the inaccuracy of our calibration.
3 Results
3.1 Low frequency switching noise
The IV characteristics of sample EV3 measured at B = 5.6 T is displayed in
Fig. 4. The data are compared with the theoretical model for the gyrotropic
tunneling of Eq. 1 illustrated by the red curve. There is an agreement between
the model and the data only at small bias, above which there is an abrupt
increase in the current. Compared with the data at 2 T presented in Ref. [1],
the current increase takes place at smaller current, and the agreement with
the gyrotropic Zener tunneling is over a smaller range. As already tentatively
discussed in Ref. [1], the steep increase in current signifies the onset of the
avalanche type of transport, which is verified in the low-frequency noise be-
havior. The beginning and the end of the avalanche regime are denoted by
arrows at 500 pA and 30 nA, respectively.
The low-frequency noise recorded at 10 Hz is depicted in Fig. 4b as a
function of the bias current, extending across the avalanche type of transport
towards ohmic behavior. The steep section of the IV curve between 0.5 − 30
nA is seen to display noise that increases as 〈I〉2 with bias current. This kind
of current dependence is typical to switching noise as well as for resistance
fluctuation noise [27]. Because of the sharp cut-off of the 〈I〉2 dependence, we
argue that the observed behavior can be assigned to avalanche transport which
results in switching type of noise. This type of pulse sequence was illustrated in
Fig. 1a in Sect. 1.2. By fitting the maximum value of the low-frequency noise
SmaxI ' 10−22 A2/Hz at 10–20 nA to the model of Eq. 3, we obtain τ0 ∼ 100
ns for the time separation between the pulses in the fully developed switching
sequence (assuming ωτs  1). Using the earlier definitions, we observe that
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Fig. 4 a) IV characteristics measured on the sample EV3 at B = 5.6 T and a fit to the data
using the gyrotropic Zener tunneling model of Eq. 1; positive bias was applied to the inner
Corbino contact while the outer was connected to virtual ground. b) The low-frequency noise
at f = 10 Hz measured at the same time as the IV data. The black dashed line denotes the
quadratic I2 behavior.
the low-frequency Fano factor corresponds to bunching with FAV ≈ 1.3× 104
at the noise peak 2.
Initially, only the size of the avalanche pulses grows with bias and produces
an 〈I〉2-dependent increase in the low-f noise. However, towards the end of
the avalanche regime at I = 30 nA, the upwards transition rate 1/τ0 starts
also to change. This is seen as a decrease in the current noise by an order
of magnitude, before the noise starts growing again as ∼ 〈I〉2. The ten-fold
increase in the upwards transition rate brings the value of τ0 close to the value
of τs (see below), which means gradual overlapping of individual avalanche
pulses. The second increase in low-f noise is assigned to the contacts, which
are known to have low-frequency resistance fluctuations even in the case of the
best suspended samples [39].
3.2 Shot noise at microwave frequencies
To supplement the information on the low-frequency noise of the avalanche
pulse, we have recorded shot noise at microwave frequencies f = 650 − 900
MHz. The microwave shot noise data obtained on sample C2 at B = 6 T
are illustrated in Fig. 5 together with the measured IV characteristics. The
red curve in Fig. 5a illustrates the behavior according to the gyrotropic Zener
tunneling model at low bias. The arrows mark the beginning and the end of
the avalanche transport regime at 200 pA and 20 nA, respectively.
Fig. 5b displays the shot noise spectral density (excess shot noise SI(V )−
SI(0)) measured at microwave frequencies recorded simultaneously with the
2 Here one needs to remember that this approximation assumes white spectrum for the
low-f noise
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Fig. 5 a) IV characteristics measured on the sample C2 at B = 6 T and a fit to the data
using the gyrotropic Zener tunneling model of Eq. 1. The arrows indicate the beginning and
the end of the avalanche transport regime. b) The shot noise spectral density (excess noise)
measured at microwave frequencies f = 650 − 900 MHz and recorded simultaneously with
the IV data in the panel 5a. The arrows denote the same spots as in the IV picture; the
increase of the shot noise across the avalanche regime is clearly seen.
IV data of Fig. 5a; the arrows denote the same spots as in the IV picture. The
shot noise displays a clear increase in the spectral density across the avalanche
regime in which a large enhancement in I and bunching of electrons takes
place. At the end of the avalanche regime, the Fano factor F ∼ 1 which points
towards random Poissonian noise with uncorrelated charge carriers. Above
the avalanche regime, there is a decrease in the shot noise power which is
similar, although weaker than was observed in the low-frequency noise. Thus,
we conclude that when bunching decreases, as deduced from the effective low-f
noise Fano factor FAV , the microwave shot noise also decreases. The variation
in the shot noise power at microwave frequencies, however, remains much
weaker than in the observations at low frequencies, and we find F . 1 for
microwave excess noise in the avalanche regime, as well as above it.
The Fano factors for magnetic fields B = 6 and 8 T as deduced from
the noise power spectral density are displayed in Fig. 6a and b, respectively.
Both data sets indicate an increase of the Fano factor when going deeper into
the avalanche regime. Initially, just above the avalanche threshold, the Fano
factor is small, F ∼ 0.2 as expected for a time-correlated sequence of electrons
within the avalanche pulse. The increase of F → 1 within the avalanche regime
is in line with a development of a single multiplication site to multiple ones,
which would lead to reduced temporal correlations between electrons in the
generated charge pulse, and thereby to an enhanced Fano factor; the observed
maximum value F = 1.2 ± 0.2, however, would suggest partly simultaneous
triggering events of the multisite generation. Above the avalanche regime, the
Fano factor clearly decreases to a level F ' 0.5 at bias voltages ∼ 40 mV.
This plateau is close to what one would expect for hot-electron transport
in a diffusive conductor, but such theories exist only for the half-filled 2-DEG
Landau level case, i.e. for a composite fermion Fermi sea [40]. At high bias, the
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Fano factor starts to diminish again, which indicates the presence of inelastic
processes, such as the electron - phonon coupling, leading to a suppression of
the noise. Our data display F ' 0.2 at 100 mV and a power-law-like decrease
as V −1 . . . V −2.
10
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-7
 I  (A)
0
0.5
1
1.5
 F
 
 B  = 6 T
 B  = 8 T
Fig. 6 The Fano factor as a function of the bias current I for sample C2 at B = 6 T
and 8 T, obtained from the results such as in Fig. 5b. The displayed data sets start from
the beginning of the avalanche region, below which the noise measurement displays just
the background noise of the measurement setup and F cannot be defined. The end of the
avalanche region is marked by the arrows for both data sets. Note the increase of the Fano
factor within the avalanche regime.
In the BSEH model, heating of the electron gas plays a central role. The
Joule heating of the electron gas has to be transported away either via phonons
or via electronic thermal conduction. In the quantum Hall regime, the elec-
tronic conductance is weak, which makes the electronic thermal conductivity
negligible in our breakdown experiments. Therefore, the thermal balance is
governed by electron - phonon coupling. In our suspended graphene, the main
cooling channel at small energies is via acoustic phonons while at large en-
ergies supercollisions with flexural phonons are the dominant process [31]. In
our present experiment, the electron - phonon coupling will increase with field
as the density of states of electrons increases linearly with the magnetic field,
assuming that the width of the Landau level remains fixed. However, there
is an opposite tendency arising from the shrinking of the electron wave func-
tion with B, which makes it difficult to couple the long-wave-length acoustic
phonons to the high-field electrons and a reduced increase in the coupling
results 3.
We have investigated the power required to initiate the avalanche type of
transport by measuring both the critical current Ic and the critical voltage Vc
for breaking the gyrotropic tunneling regime. In our data at fields B > 2 T
3 In regular 2-DEG heterostructure, an increase in the electron - phonon coupling by a
factor of two is found between 2 and 9 T. [41]
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Fig. 7 Take-off point of the avalanche region, i.e. the point where the low-frequency noise
begins to grow: a) the critical current Ic as a function of magnetic field B, b) the corre-
sponding critical voltage Vc(B). Note that the data in Fig. 6 deviate slightly from the data
here; the data sets derive from different measurements. The deviation does not influence the
conclusions on Ic and Vc at magnetic fields B > 2 T, which are based on the fitted solid
lines given by Ic = I0× exp (−B/BI) and Vc = V0× exp (B/BV ), where I0 = 1.1×10−8 A,
V0 = 5.8 mV, BI = 2.1 T and BV = 4.8 T. The product of these fits indicates that IcV
2
c is
approximately constant at large magnetic fields.
displayed in Fig. 7, we find a decrease in the heating power P = IcVc, i.e.
a smaller power P is required to initiate the avalanche regime. In fact, the
quantity IcV
2
c appears to be independent of the magnetic field. According to
our shot noise results around the Dirac point, the electron-phonon coupling
is approximately independent of the magnetic field at B > 2 T. These re-
sults together suggest that if the BSEH processes become active at some fixed
temperature, then the heating power needs to be deposited to an area that
decreases with the bias voltage. One possibility is that the power is dissipated
into a region that extends between the two tilted Landau level bands: their
spatial separation decreases with increasing bias.
4 Discussion
To our knowledge, our results are the first ones dealing in detail with the
crossover from Zener tunneling of single electrons to BSEH behavior leading
to avalanche type of transport. The crossover is easily visible at moderately
low magnetic fields (∼ 2 T), but it becomes exceedingly difficult to distinguish
the gyrotropic Zener tunneling regime at magnetic fields above 8 T. The maxi-
mum observable Zener tunneling current decreases by two orders of magnitude
between 1 and 9 Tesla in our experiments. This indicates that avalanche type
of breakdown of the zero-energy Landau level becomes very easily triggered
at high magnetic fields.
Our low-frequency noise results in the avalanche regime are similar to those
of Kobayashi and coworkers on GaAs Corbino rings [25,26]. In both experi-
ments, very strong bunching of charge carriers is observed, which supports
the view of BSEH type of carrier excitation. We note that our sample size is
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approximately by a factor of 50 smaller than the GaAs devices investigated in
Refs. [25,26], and yet, the carrier excitation seems to be nearly equally efficient
as judged from our observed avalanche-regime Fano factors FAV = 1.3 × 104
at 5.6 T, in comparison to FAV = 10
3 − 105 found in Refs. [25,26].
In addition to the low-frequency noise, we also probed the noise at mi-
crowave frequencies and found predominantly sub-Poissonian shot noise in
this case, with a Fano factor varying in the range F = 0.2 − 1.2 at B = 8 T.
The Fano factor at microwave frequencies measured at the end of the avalanche
regime seems to be quite independent of the magnetic field. The value of the
Fano factor suggests that the Lorentzian spectrum caused by the switching
noise has to decay below the shot noise before the GHz frequency range. If we
take FAV = 10
4, then ωτs > 100 is a necessary condition, which means that
the avalanche pulse duration has to satisfy τs > 20 ns. As this pulse contains
5× 103 electrons, the average time distance of the electrons becomes ≥ 4 ps,
which corresponds to only ≤ 50 nA in average current during the avalanche
pulse. Note that this value is not far from the current value at the end of the
avalanche regime, which would then just correspond to the beginning of the
overlap of the avalanche pulses.
In the light of the rather weak conductance during the avalanche pulses,
the observed values of F ' 1 at the end of the avalanche regime may signal
that the charge carrier emission events within the avalanche pulse become
quite random at large currents. This could indicate several parallel transport
paths where random carrier escape is supported by elevated local temperature.
Such a state would transform smoothly to ohmic behavior with increased Joule
heating by the bias.
One possible theoretical framework for a single transport path at high bias
is provided by transport in a 1-dimensional array of tunneling junctions [42].
In this case, the Fano factor is around F = 1/3 but it may vary substantially
depending on the properties of each scattering/tunneling element (i.e. their
F and R). Furthermore, array models can be extended to two dimensions
where solitons may produce avalanche-like behavior and a suitable increase
of the Fano factor around Coulomb blockade energies Ec, matching with our
finding. [43]. The increase in Coulomb blockade voltage Ec/e as 1/`B is also
in agreement with our observed upward voltage shift in the microwave Fano
factor F (V ) with magnetic field.
Since the theoretical models are able to give reasonable explanations for
F & 0.3 in the coherent transport regime, we conclude from our results that
strong correlations between the electrons within an avalanche pulse of electrons
exist only near the onset of the avalanche regime (where F . 0.23). The num-
ber of electrons in such a pulse is Ntot ' 103 according to the low-frequency
noise measurements.
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5 Conclusions
The low-frequency noise clearly distinguishes between the gyrotropic Zener
tunneling regime and the avalanche type of transport in the 0th Landau level
of graphene. With an increasing magnetic field, the avalanche type of behavior
becomes more favorable, and above B = 8 Tesla it is hard for us to distinguish
any Zener tunneling regime. The low-frequency noise in the avalanche regime
displays features which are distinct to switching noise, i.e., the noise grows
quadratically with the bias current. At the largest noise levels, this noise equals
to an effective Fano factor on the order of FAV ' 104, which also yields an
estimate of 10 MHz for the switching rate of the avalanche pulses with a
duration of > 20 ns. Our measurements of the high-frequency microwave shot
noise indicate clear correlations within the one-thousand-electron avalanche
pulses at the onset of the avalanche transport. However, we also find that these
charge carriers within the avalanche pulses become less and less correlated with
increasing bias. This is seen as growth of the microwave F across the avalanche
region, at the end of which we obtain F = 1.2±0.2. In the high bias transport
regime, the Fano factor is lowered as V −1 . . . V −2 and amounts to F ' 0.2 at
100 mV, which is in line with inelastic processes caused by electron - phonon
interactions.
Acknowledgements We thank C. Flindt, A. Harju, T. Ojanen, S. Paraoanu, and B.
Plac¸ais, for fruitful discussions. This work has been supported in part by the EU Framework
Programme (FP7 and H2020 Graphene Flagship), by ERC (grant no. 670743), and by the
Academy of Finland (project no. 250280 LTQ CoE). A.L. is grateful to Vaisa¨la¨ Founda-
tion of the Finnish Academy of Science and Letters for a scholarship. This research project
made use of the Aalto University OtaNano/LTL infrastructure which is part of European
Microkelvin Platform.
References
1. A. Laitinen, M. Kumar, P.J. Hakonen, arXiv:1710.04137 (2017)
2. Y.M. Blanter, M. Bu¨ttiker, Phys. Rep. 336, 1 (2000)
3. Z. Ezawa, Quantum Hall Effects Recent Theoretical and Experimental Developments,
3rd edn. (World Scientific, 2013)
4. A.J.M. Giesbers, L.A. Ponomarenko, K.S. Novoselov, A.K. Geim, J.C. Katsnelson, M.
I. Maan, U. Zeitler, Phys. Rev. B 80, 201403(R) (2009)
5. A.F. Young, C.R. Dean, L. Wang, H. Ren, P. Cadden-Zimansky, T. Watanabe,
K. Taniguchi, J. Hone, K.L. Shepard, P. Kim, Nature Phys. 8, 550 (2012)
6. C. Zener, Proc. R. Soc. Lond. A 145, 523 (1934)
7. J. Ziman, Principles of the theory of solids (Cambridge University Press, 1979)
8. G.E. Volovik, Pis’ma Zh. Eksp. Teor. Fiz. 15, 116 (1972)
9. E.B. Sonin, Zh. Eksp. Teor. Fiz. 64, 970 (1973)
10. E.B. Sonin, Dynamics of quantised vortices in superfluids (Cambridge University Press,
2016)
11. O. Heinonen, P.L. Taylor, S.M. Girvin, Phys. Rev. B 30, 3016 (1984)
12. L. Eaves, P.S.S. Guimaraes, J.C. Portal, J. Phys. C 17, 6177 (1984)
13. C.L. Yang, J. Zhang, R.R. Du, J.A. Simmons, J.L. Reno, Phys. Rev. Lett. 89, 076801
(2002)
14. A.A. Bykov, D.V. Dmitriev, I.V. Marchishin, S. Byrnes, S.A. Vitkalov, Appl. Phys.
Lett. 100, 251602 (2012)
Breakdown noise of ν = 0 in suspended graphene Corbino disk 17
15. L. Bliek, G. Hein, D. Jucknischke, V. Kose, J. Niemeyer, G. Weimann, W. Schlapp,
Surf. Sci. 196, 156 (1988)
16. O. Makarovsky, A. Neumann, L.A. Dickinson, L. Eaves, P.C. Main, M. Henini, S. Thoms,
C.D.W. Wilkinson, Physica E 12, 178 (2002)
17. C.L. Yang, M.A. Zudov, T.A. Knuuttila, R.R. Du, L.N. Pfeiffer, K.W. West, Phys. Rev.
Lett. 91, 096803 (2003)
18. X. Liu, Y. Zhu, L. Du, C. Yang, L. Lu, L. Pfeiffer, K. West, R.R. Du, Appl. Phys. Lett.
105, 182110 (2014)
19. A.V. Goran, I.S. Strygin, A.A. Bykov, Jetp Lett. 96, 803 (2013)
20. S. Komiyama, T. Takamasu, S. Hiyamizum, S. Sasa, Solid State Commun. 54, 479
(1985)
21. G. Ebert, K. von Klitzing, K. Ploog, G. Weimann, J. Phys. C 16, 5441 (1983)
22. M. Cage, R. Dziuba, B. Field, E. Williams, S. Girvin, A. Gossard, D. Tsui, R. Wagner,
Phys. Rev. Lett. 51, 1374 (1983)
23. G. Nachtwei, Phys. E 4, 79 (1999)
24. S. Komiyama, Y. Kawaguchi, Phys. Rev. B 61, 2014 (2000)
25. K. Chida, T. Hata, T. Arakawa, S. Matsuo, Y. Nishihara, T. Tanaka, T. Ono,
K. Kobayashi, Phys. Rev. B 89, 1 (2014)
26. T. Hata, T. Arakawa, K. Chida, S. Matsuo, K. Kobayashi, J. Phys. Condens. Matter
28, 055801 (2016)
27. S. Kogan, Electronic Noise and Fluctuations in Solids (Cambridge University Press,
1996)
28. M. Kumar, A. Laitinen, P.J. Hakonen, arXiv:1611.02742 (2016)
29. Y. Huang, E. Sutter, N.N. Shi, J. Zheng, T. Yang, D. Englund, H.J. Gao, P. Sutter,
ACS Nano 9, 10612 (2015)
30. N. Tombros, A. Veligura, J. Junesch, J. Jasper van den Berg, P.J. Zomer, M. Wojtaszek,
I.J. Vera Marun, H.T. Jonkman, B.J. van Wees, J. Appl. Phys. 109, 093702 (2011)
31. A. Laitinen, M. Oksanen, A. Fay, D. Cox, M. Tomi, P. Virtanen, P.J. Hakonen, Nano
Lett. 14, 3009 (2014)
32. J. Gabelli, B. Reulet, Phys. Rev. B 80, 161203 (2009)
33. E.D. Walsh, D.K. Efetov, G.H. Lee, M. Heuck, J. Crossno, T.A. Ohki, P. Kim, D. En-
glund, K.C. Fong, Phys. Rev. Applied 8, 024022 (2017)
34. F. Wu, L. Roschier, T. Tsuneta, M. Paalanen, T. Wang, P. Hakonen, AIP Conf. Proc.
850, 1482 (2006)
35. F. Wu, P. Queipo, A. Nasibulin, T. Tsuneta, T. Wang, E. Kauppinen, P. Hakonen,
Phys. Rev. Lett. 99, 156803 (2007)
36. R. Danneau, F. Wu, M.F. Craciun, S. Russo, M.Y. Tomi, J. Salmilehto, A.F. Morpurgo,
P.J. Hakonen, J. Low Temp. Phys. 153, 374 (2008)
37. T. Nieminen, P. La¨hteenma¨ki, Z. Tan, D. Cox, P.J. Hakonen, Rev. Sci. Instrum. 87,
114706 (2016)
38. A. Rycerz, P. Recher, M. Wimmer, Phys. Rev. B 80, 125417 (2009)
39. M. Kumar, A. Laitinen, D. Cox, P.J. Hakonen, Appl. Phys. Lett. 106, 263505 (2015)
40. F. von Oppen, Phys. Rev. B 56, 9674 (1997)
41. M. Prasad, M. Singh, Phys. Rev. B 29, 4803 (1984)
42. D.S. Golubev, A.D. Zaikin, Phys. Rev. B 70, 165423 (2004)
43. V.A. Sverdlov, D.M. Kaplan, A.N. Korotkov, K.K. Likharev, Phys. Rev. B 64, 041302
(2001)
